Fishes faced with novel thermal conditions often modify physiological functioning to compensate for elevated temperatures. This physiological plasticity (thermal acclimation) has been shown to improve metabolic performance and extend thermal limits in many species. Adjustments in cardiorespiratory function are often invoked as mechanisms underlying thermal plasticity because limitations in oxygen supply have been predicted to define thermal optima in fishes; however, few studies have explicitly linked cardiorespiratory plasticity to metabolic compensation. Here, we quantified thermal acclimation capacity in the commercially harvested Nile perch (Lates niloticus) of East Africa, and investigated mechanisms underlying observed changes. We reared juvenile Nile perch for 3 months under two temperature regimes, and then measured a series of metabolic traits (e.g. aerobic scope) and critical thermal maximum (CT max ) upon acute exposure to a range of experimental temperatures. We also measured morphological traits of heart ventricles, gills and brains to identify potential mechanisms for compensation. We found that long-term (3 month) exposure to elevated temperature induced compensation in upper thermal tolerance (CT max ) and metabolic performance (standard and maximum metabolic rate, and aerobic scope), and induced cardiac remodeling in Nile perch. Furthermore, variation in heart morphology influenced variations in metabolic function and thermal tolerance. These results indicate that plastic changes enacted over longer exposures lead to differences in metabolic flexibility when organisms are acutely exposed to temperature variation. Furthermore, we established functional links between cardiac plasticity, metabolic performance and thermal tolerance, providing evidence that plasticity in cardiac capacity may be one mechanism for coping with climate change. Methodology : E.A.N., L.J.C.; Software: E.A.N.; Formal analysis: E.A.N., L.J.C.; Investigation: E.A.N.; Resources: L.J.C.; Writingoriginal draft: E.A.N.; Writing -review & editing: E.A.N., L.J.C.; Visualization: E.A.N.; Supervision: L.J.C.; Funding acquisition: L.J.C.
INTRODUCTION
Climate change models forecast persistent, global temperature increases of 1-4°C, and increases in the frequency of extreme climatic events over the next century (IPCC, 2014; Seneviratne et al., 2014) . Such drastic changes will directly affect aquatic ecosystems, and threaten the ecological and physiological stability of fish species in freshwater habitats (Ficke et al., 2007) . As ectotherms, fish depend on their thermal environment to regulate metabolic functions, and when water temperatures exceed specific optima they face performance limitations at all levels of biological organization. To cope, fish must either relocate to more suitable habitats or adapt to novel conditions through genetic change and/or environmentally induced phenotypic plasticity (Schulte et al., 2011; Seebacher et al., 2014) . Fish species often modify physiological functioning through thermal acclimation (Angilletta, 2009; Seebacher et al., 2014) , a type of phenotypic plasticity that can alter thermal tolerance limits and optimize performance under novel temperature regimes (Schulte et al., 2011) . Capacity for thermal acclimation varies dramatically among species, and is hypothesized to be lower in tropical fish that experience little seasonal variation in their thermal environment (Tewksbury et al., 2008) . Given the significance of many inland tropical fishes to local and regional food security (FAO, 2014; Lynch et al., 2016) , it is of increasing importance to understand the capacity for and mechanisms underlying modifications of thermal tolerance in these species.
For ectotherms, metabolic rate sets the pace for many physiological functions, and can have important fitness implications (Brown et al., 2004) . Measurements of metabolic performance can therefore serve as comprehensive indicators of physiological condition (Sibly et al., 2012) , and can be used to assess ability to cope with various environmental stressors (Brown et al., 2004) . Key metabolic parameters often measured in this context include standard and maximum metabolic rate (SMR and MMR, respectively), which represent the lower and upper limits of oxygen uptake for fishes. SMR corresponds to basal oxygen demand, or the lowest possible metabolic rate in a resting, postabsorptive fish (Fry, 1971; Brett and Groves, 1979) , and MMR corresponds to the maximum rate of oxygen consumption, usually measured after exhaustive exercise (Fry, 1971; Clark et al., 2011; Roche et al., 2013; Norin and Clark, 2016) . Aerobic scope (AS), which is calculated as the difference between SMR and MMR, determines the range of oxygen-demanding processes that can be performed simultaneously by a fish, and is thought to be a key mechanism determining energy allocation, fitness and biogeography in ectotherms (Pörtner and Farrell, 2008; Pörtner, 2010; Clark et al., 2013) .
As first observed by Fry (1947) , and quantified in several recent studies (Healy and Schulte, 2012; Gräns et al., 2014; Norin et al., 2014) , SMR increases exponentially with temperature, whereas MMR is predicted to increase initially, and then decline at the highest temperatures, ultimately bringing about a decline in AS at high temperatures. According to the oxygen-and capacity-limited thermal tolerance (OCLTT) concept, declines in performance (i.e. AS) at high temperatures are predicted because the cardiorespiratory system cannot keep pace with oxygen demands in respiring tissues as increasing temperatures elevate metabolic demands (Pörtner and Knust, 2007; Pörtner et al., 2017) . Mismatches between oxygen supply and demand are therefore thought to define thermal limits in teleost fishes, and may have negative fitness consequences (e.g. reductions in body mass or condition) if, as predicted, drops in AS are causally linked to key processes such as growth (Pörtner and Knust, 2007) . A corollary of this hypothesis is that alterations to the cardiorespiratory system that increase efficiency of oxygen uptake and delivery can improve thermal tolerance and aerobic performance in fishes exposed to elevated water temperatures. Although the OCLTT hypothesis proposes a clear mechanistic explanation for thermal limitation, numerous recent empirical studies have shown that declines in performance at high temperatures may be driven by mechanisms other than a mismatch between oxygen supply and demand, and have provided convincing evidence that optimal temperatures for AS do not necessarily elicit maximal performance in all fitness-related measures (Clark et al., 2013; Gräns et al., 2014; Norin et al., 2014; Wang et al., 2014; Brijs et al., 2015; Ern et al., 2016) , raising questions about the broad applicability of this framework (Jutfelt et al., 2018) . In addition, there are many pathways for fish to respond to oxygen limitation, scaling from whole-body to cellular levels (Pörtner, 2002; Angilletta, 2009; Biro and Stamps, 2010) , and alterations to any of these pathways can lead to improvements in metabolic performance (e.g. reduced basal oxygen demand) and maintenance of fitness-related traits.
Nevertheless, cardiorespiratory function may still play an important role in metabolic compensation, and investigating relationships between cardiorespiratory traits and thermal tolerance and/or metabolic performance can allow a straightforward test of at least one prediction generated by OCLTT. If cardiorespiratory function can sustain performance at high temperatures, plastic changes in heart and gill morphology that improve oxygen uptake and delivery may be key to acclimation capacity (Sollid et al., 2005; Farrell et al., 2009; Dalziel et al., 2012; Anttila et al., 2013; Jayasundara and Somero, 2013) . Both heart and gill morphology have been shown to change with exposure to increased temperatures (Sollid et al., 2005; Klaiman et al., 2011; McBryan et al., 2016; Keen et al., 2017) . The heart is the primary power generator for the circulatory system, and is often a central focus in investigations of physiological plasticity in fishes Jayasundara and Somero, 2013) . Changes in temperature have a significant effect on heart rate in teleosts, which influences total cardiac output (V b , volume of blood pumped per minute). However, morphological changes induced by long-term exposure to different water temperatures can facilitate maintenance of V b across a wide thermal range (Gamperl and Farrell, 2004; Klaiman et al., 2011; Keen et al., 2017) . For example, fishes exposed to warmer temperatures generally have decreased relative ventricular mass (RVM), leading to reduced stroke volume (Keen et al., 2017) ; however, V b can be maintained through improved force of contraction (Gamperl and Farrell, 2004) , which is often enabled by adjustments to the proportions of the myocardial layers (i.e. spongy versus compact) in the ventricle. Gills, in contrast, function primarily in oxygen uptake. Changes in the environment that lead to new respiratory or osmoregulatory demands can result in alterations to gill structure over varying time scales (Sollid et al., 2003 (Sollid et al., , 2005 Langerhans et al., 2007; Chapman et al., 2008) . For example, fish that are exposed to low dissolved oxygen (DO) concentrations can increase gill size, which presumably improves efficiency of oxygen uptake (Chapman et al., 2008) . In addition, elevated temperature may affect other physiologically demanding organs if the bulk of energetic resources are allocated to basal functions. For example, brain size has been observed to decrease under stressful conditions (Crispo and Chapman, 2010; Toli et al., 2016) . Given the high metabolic cost associated with the development of large brains, the ability to reduce brain size through plasticity when a large brain is not critical for fitness is likely to be favored (Crispo and Chapman, 2010) .
Alterations in cardiorespiratory function and morphology have been shown to improve thermal tolerance and performance in a number of fish species (Eliason et al., 2011 (Eliason et al., , 2017 Anttila et al., 2013; Keen et al., 2017) . For example, increases in cardiac scope correlate positively with aerobic scope within populations of sockeye salmon (Eliason et al., 2011) , and larger RVM correlates positively with upper thermal tolerance limits (i.e. critical thermal maximum, CT max ) in some populations of Atlantic salmon . Likewise, gills can undergo surface area increases that improve oxygen uptake upon exposure to warmer temperatures (McBryan et al., 2016) ; however, few studies have explicitly linked plasticity in heart or gill morphology to metabolic compensation, and these patterns have, to our knowledge, never been tested in tropical fishes. In addition, little is known about how developmental plastic responses will benefit fishes faced with rapidly changing thermal environments (i.e. acute exposure to novel temperatures), which is relevant when predicting climate change effects where both long-term increases and rapid changes in temperature are expected.
In this study, we investigated these patterns in a tropical, freshwater teleost, the Nile perch [Lates niloticus (Linnaeus 1758)], a large, primarily piscivorous fish that was introduced to the Lake Victoria basin in East Africa in the mid-20th century, and currently forms the basis of a lucrative 250-310 million USD yr −1 export fishery (Indian Ocean Commission, 2015) . Nile perch regularly experience temperatures in the range of 23-27°C in Lake Victoria, and similarly stable temperatures in their ancestral habitat in Lake Albert (range: 26-31°C; Nyboer and Chapman, 2017) . Despite these narrow thermal ranges, recent studies have demonstrated high levels of acclimation capacity in metabolic rate and upper thermal tolerance of Nile perch under both short (3 day) and longer-term (3 week) exposures (Chrétien and Chapman, 2016; Nyboer and Chapman, 2017) , making it an interesting subject for testing responses over longer acclimation times (i.e. time enough for developmental differences to take place) and for evaluating mechanisms underlying thermal flexibility. The objectives of this study were to: (1) determine the acclimation capacity of upper thermal tolerance limits (CT max ) and metabolic rates of juvenile Nile perch reared for 3 months under elevated temperature, (2) examine links between variation in metabolic function, body mass and condition, and plastic responses in oxygen uptake and delivery capacities of cardiorespiratory organs and (3) assess whether plastic changes associated with rearing are beneficial for coping with rapid temperature changes (i.e. acute exposures to a range of temperatures). We predicted that we would detect plasticity in metabolic traits and CT max leading to metabolic compensation in fish reared under warmer conditions. We also anticipated finding differences in heart and/or gill morphology among rearing regimes; specifically, we expected smaller RVM, thicker compact myocardium and larger gill sizes in warm-reared fish, as these are possible mechanisms for coping with the increased oxygen demand likely to be experienced under elevated temperatures. If these morphological changes improve thermal tolerance and metabolic performance, we would expect to find relationships among these traits within rearing groups.
MATERIALS AND METHODS Overview
Wild-caught juvenile Nile perch were captured in July and reared for 3 months under two temperature regimes, one resembling annual average temperatures in Lake Victoria (∼25°C maximum; control) and one resembling temperatures predicted under climate change (∼29°C maximum). Fish from these rearing temperatures were then acutely exposed in the laboratory (3 days) to a range of experimental temperatures encompassing both rearing temperatures and a higher temperature (33°C) not previously experienced in either regime, thereby testing their ability to cope with rapid changes in temperature. SMR, MMR, AS and CT max were measured, and organs (livers, hearts, gills, brains) were examined to identify potential mechanisms for metabolic compensation. This research was conducted under McGill University Animal Care Protocol 5029.
Fish collection and rearing
Young (<2 months old) juvenile Nile perch [12.4±0.67 cm total length (TL), mean±s.e.m., n=600] were collected by fishers in July 2015 with small-mesh beach seines at Entebbe Bay, Uganda. Specimens were transported to the Aquaculture Research and Development Center in Kajjansi, Uganda, where they were stocked into six large (6×10×1 m) outdoor concrete aquaculture ponds and reared for 3 months (2 July to 5 October 2015). This rearing period was chosen as we anticipated this time frame would allow for some morphological and developmental responses to occur based on Nile perch growth rates (Nkalubo, 2012) , and because it spanned a portion of one dry and one rainy season, capturing some natural seasonal variation. The ponds were organized into three blocks, each with one replicate of the two thermal regimes described above (Fig. S1A ). These rearing temperatures shall be referred to as the average rearing temperature, or T avg (∼25°C), and the warm rearing temperature, or T warm (∼29°C). To create these divergent thermal regimes, wooden frames were constructed over each pond and covered with either greenhouse plastic (TeraMax ® , Teris, Montréal, QC, Canada) or agricultural shade-cloth (GreenTek Shade-Rite ® , Teris, Montréal, Québec; Fig. S1B ). Prior to stocking, pond water quality parameters including temperature (°C), luminosity (i.e. lux, expressed in lm m -2 ), DO, turbidity (Secchi depth, expressed in cm) and pH were carefully monitored for 4 months to ensure that water temperatures and physicochemical conditions were stable. Each pond was equipped with flow-through inlet and outlet mechanisms so that water inside the ponds could be flushed directly with ∼25°C local river water (see Fig. S1B for a schematic diagram of the pond set-up).
During stocking, all ponds were filled with river water and maintained at the natural ∼25°C. Experimental fish (n=100 per rearing pond) were weighed to the nearest 0.01 g, and measured for TL and standard length (SL) to the nearest 0.1 cm to ensure uniformity of initial stocking size (Table S1) . After 3 days, T warm ponds were heated to ∼29°C over 48 h. This was accomplished by temporarily cutting inflow of cool river water to the T warm ponds, which allowed the water in the ponds to warm under the greenhouse covers. During this time, DO concentrations were monitored to ensure maintenance of adequate oxygen levels. After T warm ponds had warmed to the desired temperature (∼29°C), all ponds (T avg and T warm ) were flushed each day for the same amount of time with fresh river water. The large volume (60 m 3 ) of the ponds ensured that the T warm ponds stayed within 3°C of the desired temperature, even during periods of flushing. Throughout the experiment, water quality parameters (temperature, luminosity, DO, turbidity and pH) were recorded twice daily, once in early morning and once in midafternoon to capture daily fluctuations. Twenty-four-hour HOBO™ light and temperature loggers (Onset ® , Bourne, MA, USA) took hourly temperature and luminosity readings for the duration of the rearing period (see Table S2 , Fig. S2 for a summary of all water quality parameters). To determine how water quality parameters varied between rearing temperatures (T avg and T warm ) and among rearing pond replicates (blocks 1, 2 and 3), data from the HOBO loggers (temperature and lux) and from daily water sampling (DO, turbidity and pH) were plotted over time for visual assessment ( Fig.  S2A -E) and analyzed with two-way ANOVA, with rearing temperature and block as fixed effects. Water temperatures in the T warm rearing ponds had higher maximum (28.6°C) and minimum (27.1°C) daily temperature than those in the T avg regime (maximum=24.5°C; minimum=23°C; Table 1 ; Table S2 , Fig.  S2A ). There were significant effects of block and block×rearing temperature; however, the effect size (η 2 ) of these factors was small compared with rearing temperature alone (Table 1) . Post hoc tests revealed that differences among blocks were only apparent in the T warm rearing tanks, with replicate 1 of T warm significantly warmer than replicates 2 (P=0.002) and 3 (P<0.001). Average lux (lm m −2 ) also differed among rearing temperatures, with T warm having higher luminosity than T avg ; however, the effect size was small, and differences were apparent only in blocks 1 and 3 (Table 1 ). There were no differences in any other water quality variables (DO, turbidity, pH) between rearing temperatures or among blocks (Table 1, Table S2 , Fig. S2B -E). During rearing, Nile perch were fed daily on live, aquaculturereared Nile tilapia fry, which were graded to ensure appropriate prey sizes. Daily feeding rations were calculated to equal ∼15% of the biomass of Nile perch stocked in each pond to ensure adequate food supply at rates similar to natural conditions as estimated by Nile perch bioenergetic analyses (Kitchell et al., 1997) and from previous trials of Nile perch rearing. The levels were adjusted based on estimates of mortalities and estimated growth rates of Nile perch in the ponds.
Laboratory experiments
After completing 3 months in the rearing ponds, Nile perch were transported from ponds to the laboratory, where they were placed in temperature-controlled tanks (n=4 per tank) containing filtered, oxygenated well water (see Nyboer and Chapman, 2017 for a description of the laboratory system). All fish were individually marked using Visible Implant Elastomer (Northwest Marine Technology Inc., Shaw Island, WA, USA). We employed a fully crossed experimental design for laboratory tests so that individuals from each rearing temperature (T avg and T warm ) and block (3 replicates) were subjected to each experimental laboratory temperature for metabolic rate experiments ( Fig. S1A , Table 2 ). Laboratory tanks were initially held at the average maximum rearing temperature (29 or 25°C) and then slowly raised or lowered to the desired experimental temperature (25, 29 or 33°C) over a 12 h period, and then held for 3 days. Fish were brought into the laboratory in a staggered fashion so that each batch was held for the same 12 h+3 day period before experimental trials. On the first day of acclimation, Nile perch were fed two tilapia fry each, and Each rearing temperature×experimental temperature×block combination is represented. Sample sizes were selected to ensure adequate power based on known levels of variability in respirometry data, and accounting for availability of specimens in ponds.
thereafter (48 h) food was withheld to ensure a post-absorptive state during trials. In total, the respirometry experiments were completed over a 3-week period (5-26 October 2015), so fish brought into the laboratory last had an extra 17 days in the rearing ponds.
Metabolic traits
Metabolic traits (SMR, MMR, AS) were estimated for Nile perch from each rearing temperature×block×experimental temperature combination (Table 2) by measuring oxygen consumption rate (ṀO 2 ) using intermittent-flow respirometry. The experimental setup is described in detail in Nyboer and Chapman (2017) , but briefly, four polypropylene respirometers (volume=1.57-2.80 l), each fitted with a Firesting ® temperature probe and fiber optic cable focused on a contactless oxygen sensor spot (PyroScience Sensor Technology, Bremen, Germany), were submerged in a temperature-controlled water bath held at the desired experimental temperature. Oxygen and temperature were recorded every 2 s, and outputs were monitored and recorded by Firesting ® Profix software (PyroScience) for the duration of each trial. Respirometers were set on automated 10-min loops comprising a 5-min closed portion during which DO levels were measured, and a 5-min open portion during which fresh water was flushed through the respirometry chambers.
For each trial, MMR was measured first using an established 3-min exhaustive chase protocol (Roche et al., 2013) . In short, this protocol involved hand-chasing individual Nile perch to exhaustion and then transferring them to the respirometer, where they were held for an average of 10 h after the chase, allowing ample time for recovery and to derive estimates of SMR (Nyboer and Chapman, 2017) , with oxygen consumption measured throughout the 10-h period. Twenty-minute 'empty' runs were conducted before and after each trial to quantify background respiration. Prior to this study, a number of exploratory trials were conducted on recovery times of Nile perch to validate this protocol. Results from these experiments showed that reliable SMR measures could be obtained <10 h after employing exhaustive chase (Nyboer and Chapman, 2017) . Fish were weighed for body mass (M b ) and measured for SL and TL after the trials.
Critical thermal maximum
After respirometry trials, fish were returned to their rearing ponds for ∼10 days to recover, after which a subset were returned to the laboratory and re-acclimated to the same experimental temperature for 3 days to measure CT max as an estimate of thermal tolerance. Owing to stresses incurred during this transfer process, a smaller sample size was used for CT max trials (Table S3 ); however, both this current work and previous studies showed low variance in CT max values, thus even with low sample sizes these findings are likely to be accurate. CT max was measured following Chen et al. (2013) . In these trials, groups of two to four Nile perch from each rearing temperature×experimental temperature combination were transferred into a water-filled cooler, held overnight (∼8 h) and then subjected to a constant temperature increase of 0.3°C min −1 . This heating rate does not allow for acclimation during the trial, but also does not lethally shock the animal (Beitinger et al., 2000) . CT max was determined as the temperature at which each fish lost equilibrium for 10 s.
Calculations of metabolic traits
Metabolic rates (SMR and MMR) were estimated by calculating linear regressions between oxygen concentration and time for the closed period of each loop, omitting the first and last 30 s of each closed portion to ensure the water in the chamber had fully mixed. Oxygen concentrations were converted to metabolic rate (mg O 2 min −1 ) after accounting for respirometer volume and fish mass. Background respiration (on average 9.9% of SMR and 3.6% of MMR) was subtracted from the metabolic rates by assuming a linear change between the two 20-min 'empty' runs. MMR is the highest ṀO 2 measurement recorded over any 3-min period throughout the trial. To calculate SMR, ṀO 2 measurements were plotted against time to detect the point where the recovery curve leveled off (on average 4.4±1.6 h, mean±s.d.). SMR was then calculated as the mean of the lowest 10% of all ṀO 2 measurements after this point. Outliers ±2 s.d. from the mean were excluded from this calculation (Clark et al., 2013) . We followed methods outlined in Nyboer and Chapman (2017) to ensure that calculations of SMR did not over-or under-estimate this trait. We detected allometric effects of body mass on metabolic rate, and therefore used mass adjustments (following Ultsch, 1995) instead of classic mass corrections (mg min −1 kg −1 ) to account for the effects of body size on metabolic rate. Mass-adjusted AS was calculated as the difference between mass-adjusted MMR and SMR (note that from here on, mass-adjusted metabolic traits will be referred to as MMR, SMR and AS).
Body size, condition and organ measurements
To estimate fish condition (K ), fish were weighed for M b to the nearest 0.01 g and measured for TL and SL to the nearest 0.1 cm before respirometry trials. K was calculated using LeCren's equation as detailed in Froese (2006) . Because there was homogeneity of slopes in the bi-logarithmic M b ×SL relationship among rearing temperatures and blocks, coefficients were derived by pooling data for all individuals.
At the end of all experimental trials, fish were euthanized with a sharp blow to the head, and livers, hearts, gills and brains were removed. Livers were weighed fresh to the nearest 0.001 g, and hepatosomatic index (HSI) was calculated as a percentage of M b . All other tissues were preserved in 10% formalin until processing.
Preserved heart ventricles for a subset of fish (Table S3 ) were isolated from the rest of the heart tissues ( Fig. 1A) , blotted to remove excess liquid, and weighed five times to the nearest 0.01 g. The mean was used to calculate RVM as a percentage of M b . Ventricles were then embedded horizontally in paraffin, sectioned (4 μm thickness) along the dorso-ventral axis (Fig. 1A,B ), stained with hematoxylin and eosin, and photographed at 4.5× magnification with a Leica 6SD zoom microscope with a Lumenera Scientific Infinity camera (Ottawa, ON, Canada). ImageJ v. 1.50i (https://imagej.nih.gov) was used to quantify the areas of the spongy and compact myocardial layers (Fig. 1B) . The area of compact myocardium was divided by the total area (compact+spongy) of the heart section to calculate the percent of compact myocardium (%CM).
To quantify gill size, four gill arches from the left side of the branchial basket of 9-10 fish (Table S3 ) from each rearing temperature were extracted, laid flat and photographed at 6.3× magnification on both hemibranchs using the same microscope setup described above. A series of six gill traits were selected to represent the overall size and area of the hemibranchs. These measures were taken to the nearest 0.1 mm or 1 mm 2 and included: total filament number (TFN), total hemibranch area (THA), total gill filament length (TGFL), average gill filament length (AGFL), filament base length (FBL) and filament density (FD) (Chapman et al., 2008; Crispo and Chapman, 2010) . TFN was calculated as the number of filaments along the filament base on both hemibranchs. THA was the sum of the area of all filaments on both hemibranchs. TGFL was quantified by measuring the length of every 10th filament, and using the average of the two outer measures to estimate the lengths of the nine filaments in between (Fig. 1C ). AGFL was calculated as the TGFL/TFN ratio on each hemibranch. FBL was calculated as the length of the filament base of each hemibranch (Fig. 1C ). FD was calculated as the FBL/TFN ratio on each hemibranch. To obtain estimates for the whole gill, values for TFN, THA, TGFL and FBL were summed across the four arches, and then multiplied by 2 to account for both sides of the branchial basket. Values for FD and AGFL were averaged across the four arches (Chapman et al., 2008; Crispo and Chapman, 2010) . We did not measure total gill surface area; however, previous interpopulation and rearing studies have found that populations or treatments of fish with a larger TGFL are characterized by a larger TGSA (Chapman and Hulen, 2001; Chapman, 2007; Chapman et al., 2008) . We therefore assume that a larger TGFL per gram of Nile perch reflects greater oxygen uptake capacity.
Preserved brains for a subset of fish (Table S3 ) were processed by trimming excess tissue and ensuring all brains were severed from the spinal cord 1 mm past the cerebellum (Fig. 1D ). Blotted brains were weighed five times to the nearest 0.001 g, and the mean was used to calculate relative brain mass (RBM) as a percentage of M b .
Statistical analysis
Effects of rearing and experimental temperature on SMR, MMR and AS were tested with three-way ANOVA with rearing temperature, block and experimental temperature as fixed factors. Mass-adjusted metabolic traits were log 10 -transformed to meet assumptions of statistical tests. Interactions among fixed effects were removed from the model if not significant. Effects of rearing and experimental temperature on CT max were tested with a two-way ANOVA with rearing and experimental temperature as fixed factors. For CT max , not all blocks were represented in all rearing temperature×experimental temperature combinations; block was therefore not included as a fixed effect. For tests where the rearing temperature×experimental temperature interaction term was significant, and overall trends across experimental temperature were visually similar, post hoc tests for the effect of experimental temperature within rearing temperature and rearing temperature within experimental temperature were conducted to detect differences among levels. Equality of variances and normality of residuals were assessed with diagnostic residual plots and normal Q-Q plots.
Effects of rearing temperature on K, M b , SL, TL, RVM, %CM, RBM and HSI were analyzed with two-way ANOVA, with rearing temperature and block as fixed effects. Non-significant interaction terms were removed from models. Potential interactive effects of M b and rearing temperature on organ masses were tested using ANCOVA with raw organ masses as response variables, rearing temperature and block as fixed effects, and M b as a covariate. Raw liver mass was log 10 -transformed to meet assumptions of statistical tests. Results of ANCOVAs revealed similar outcomes as the twoway ANOVAs (except for a significant M b ×rearing temperature interaction for ventricle mass), so only ANOVA results are reported (but see Table S4 for comparison with Table 3 ). Gill traits were first analyzed with each metric separately using ANCOVA with rearing temperature and block as fixed effects, and M b as a covariate. Second, principal components analyses (PCA) were used to reduce gill metrics to major axes, and PCA scores were used as response variables in ANOVA models with rearing temperature and block as fixed effects. To perform PCA, we first standardized gill traits to a common body mass following Crispo and Chapman (2010) .
ANCOVA was used to test the hypothesis that variation in RVM, % CM and gill size had an effect on metabolic performance (SMR, MMR and AS) and thermal tolerance (CT max ). Before these tests, Q 10 corrections were applied to SMR, MMR and AS to adjust for the effects of experimental temperature on metabolic traits. Q 10 temperature coefficients were calculated using the van 't Hoff equation (McNab, 2002) ; these values were subsequently used to adjust metabolic rates at a given experimental temperature to the rearing temperature of the individual (e.g. adjusted to 29°C for T warm fish). Q 10 -corrected metabolic traits are denoted as SMR Q10 , MMR Q10 and AS Q10 . CT max was adjusted using the slope for the linear equation of CT max ×experimental temperature within each rearing temperature. Adjusted CT max is denoted as CT max,adj . ANCOVAs with CT max,adj or SMR Q10 and MMR Q10 as response variables, rearing temperature and block as fixed effects, and organ traits (e.g. RVM, %CM, gill PCs) as covariates were applied to detect whether these organ traits had an overall effect on metabolic traits or CT max . Significant effects were confirmed with Pearson's correlation of CT max,adj or SMR Q10 and MMR Q10 with organ traits. Alpha values were set to 0.05 to confirm significance for all statistical tests. All analyses were performed in IBM SPSS Statistics, version 22.0 (IBM Corp., Armonk, NY, USA).
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RESULTS
Body size and condition
Nile perch from both rearing conditions achieved the same M b , SL, TL and K over the 3-month rearing period ( Fig. 2A,B ). Because the stocking size and feeding regime were the same among rearing temperatures, fish were assumed to have similar growth rates between rearing conditions, although we could not quantify precise feeding rates or activity levels. There were, however, strong effects of block for all body size traits (Table 3) . Post hoc pairwise comparisons revealed that fish from block 2 were significantly larger for all measures than those from block 1 (M b : P=0.002, TL: P=0.001 and SL: P=0.001) and significantly or marginally larger than those from block 3 (M b : P=0.064, TL: P=0.043 and SL: P=0.0064). K was stable across rearing temperature and block (Table 3) . Mortality rates of Nile perch in the rearing ponds averaged 65%, and were similar across thermal regimes (64.3% in T avg , 66% in T warm ), with most (73%) of the mortality occurring in the first 3 weeks of the rearing treatments. Although the source of mortalities could not be determined, we believe that the initial stress of capture and transfer was key, in addition to competition for food because of the emaciated appearance of non-surviving fish and the excellent condition of survivors. Although selection imposed by these mortality rates may bias results, similar rates across rearing temperatures validate comparisons.
Metabolic traits and critical thermal maximum
Nile perch reared under warm conditions had low SMRs compared with T avg fish (Fig. 3A, Table 4 ), a difference that was especially pronounced at 29°C and 33°C, where T warm fish showed a 37% and 27% reduction in ṀO 2 , respectively. At 25°C, SMR values did not differ between fish from the two rearing temperatures (Fig. 3A ).
There was a significant rearing temperature×experimental temperature interaction, and post hoc tests revealed that T warm fish performed equally well at 29°C as at 25°C, but that SMR increased at 33°C, whereas T avg fish showed significant increases in SMR at each experimental temperature (Fig. 3A) . Overall, SMR of T avg fish increased 37% across experimental temperatures compared with a lower 22% increase in T warm fish. Rearing and experimental temperature both had significant effects on MMR (Table 4 ). T warm Nile perch had a 10-19% lower MMR than T avg fish at all experimental temperatures (Table 4 , Fig. 3B ). Patterns of increase across experimental temperatures were remarkably similar between rearing temperatures, with MMR remaining constant from 25 to 29°C, and showing an exponential 31% increase at 33°C (Table 4 , Fig. 3B ). T warm Nile perch showed reduced AS overall, with lower values at both the coolest and warmest experimental temperatures (Table 4 , Fig. 3C ). At 29°C, however, AS of T warm fish equaled that of the T avg fish. AS showed a general increase with experimental temperature in fish from both rearing temperatures (Table 4 , Fig. 3C ). The two-way ANOVA tested the effects of rearing temperature (T avg , T warm ), experimental temperature (25, 29 and 33°C) and their interaction (R×E) on CT max . The three-way ANOVA tested the effects of rearing temperature, experimental temperature, block and R×E on standard and maximum metabolic rate (SMR and MMR) and aerobic scope (AS). Bold P-values indicate significance at α<0.05.
Nile perch from both rearing temperatures showed a significant increase of 1.89°C (T warm ) and 1.95°C (T avg ) in CT max over an experimental temperature range of 7°C (Table 4 , Fig. 3D) , with a slope relating CT max to temperature of 0.218±0.060 for the T warm fish and 0.244±0.067 for the T avg fish. T warm fish had higher overall CT max (Table 4, Fig. 3D) , with values 2.4-2.8°C higher at all experimental temperatures. These individuals were able to achieve CT max of nearly 40°C after only 3 days of acclimation to 33°C, whereas T avg fish reached only 37.5°C.
Organ development and plasticity
Cardiac remodeling was apparent in Nile perch, with T warm fish having reductions in RVM and increases in %CM (Fig. 2CD , Table 3 ), as predicted. The average RVM of T warm fish (0.046± 0.002 g, mean±s.e.m.) was approximately 20% smaller than that of T avg fish (0.057±0.002 g). Linear regressions of M b with ventricle mass showed that ventricle size diverged at larger body sizes, indicating possible growth-related changes in the onset of cardiac remodeling (Fig. S3A ). We tested this interaction with ANCOVAs with ventricle mass as a response variable and M b as a covariate, and these tests revealed a significant M b ×rearing temperature interaction for raw ventricle mass. However, differences between rearing temperature were similar to the ANOVA results (Table S4 , Table 4 ). For simplicity, only ANOVA results were retained in the main text (but see Table S4 for comparison). For %CM, ANOVA revealed that T warm fish had a higher %CM compared with T avg fish (Fig. 2D , Table 3 ). For tests of how variability in ventricle morphology affects Q 10 -corrected metabolic rates and CT max,adj , ANCOVAS with RVM or %CM as covariates reveal that variation in %CM had a negative effect on SMR Q10 and a positive effect on AS Q10 , but did not influence MMR Q10 or CT max,adj (Fig. 4, Table 5 ), and that variation in RVM had a positive effect on CT max,adj (Table 5 ). Pearson's correlations confirmed these patterns, and revealed a positive relationship between RVM and AS in T avg fish (Fig. 4) .
Gill traits did not differ between rearing temperatures (Table 6 ). PCA on mass-standardized gill traits extracted two components with eigenvalues >1, with PC1 explaining 66.5% and PC2 explaining 26.9% of the variance. Gill metrics related to filament and hemibranch size (AGFL, TGFL and THA) loaded on PC1, and those related to gill width (AFN and FBL) loaded on PC2 (Table S5) . FD was not included in the PCA as it did not correlate with the other traits. Results of ANOVA using PC scores as response variables confirmed the lack of divergence in gill size among rearing temperatures ( Fig. 2E,F, Table 3 ). Rearing temperature had a significant effect on HSI (Fig. 2G, Table 3 ), with T warm fish having 41% smaller HSI values (0.47±0.03, mean±s.e.m.) than T avg fish (0.81±0.05). Rearing temperature had no effect on RBM (Fig. 2H , Table 3 ), with fish from both T avg and T warm regimes having remarkably similar values (0.54±0.034 and 0.531±0.045, respectively). None of the gill traits, HSI or RBM had an effect on any Q 10 -adjusted metabolic traits or CT max,adj .
DISCUSSION
The three most important findings of this study were that: (1) Nile perch reared under elevated temperatures showed evidence for compensation in upper thermal tolerance and metabolic rate, and attained similar body size and condition between rearing treatments;
(2) Nile perch are capable of cardiac remodeling, and variation in heart morphology correlated with metabolic function in fish from both rearing treatments; and (3) plastic changes enacted over longer exposures effected differences in metabolic flexibility when acutely exposed to temperature change. This work has important implications for climate change resilience in this species, which is of major economic importance to inland fisheries in East Africa.
Developmental plasticity in upper thermal tolerance and metabolic traits
Rearing Nile perch under different temperature regimes for 3 months led to adjustments in upper thermal tolerance (CT max ). Given the stenothermal evolutionary history of the Nile perch used in this study, one might expect low thermal plasticity in this population (Tewksbury et al., 2008) . However, Nile perch experiencing chronically elevated temperatures were able to increase thermal tolerance without having restrictions on their ability to further modulate thermal limits upon acute temperature increases. This is evidenced by the similar linear increases in CT max with experimental temperature, which indicates comparable levels of plasticity in thermal tolerance between rearing temperatures. These results confirm previously documented trends in Nile perch thermal plasticity over shorter exposures (Nyboer and Chapman, 2017) , and are in line with findings in recent meta-analyses that do not find evidence for predicted latitudinal trends in ectotherm thermal plasticity (Seebacher et al., 2014; Gunderson and Stillman, 2015) . Rearing temperature affected metabolic performance, with warmreared fish showing overall reductions in SMR, MMR and AS relative to T avg fish at most experimental temperatures, indicating that compensatory mechanisms underlying basal metabolic reductions are effective during rapid transfer to temperatures both above and below their rearing temperature (as opposed to incurring costs of thermal specialization). Decreases in SMR are very likely indicative of thermal compensation because lower self-maintenance costs presumably allow more energy allocation to growth and reproduction (Priede, 1985; Sandblom et al., 2014) . Reductions in SMR in warm-reared fish were accompanied by even greater reductions in MMR, which ultimately resulted in reduced AS relative to the T avg -reared fish. Although decreases in MMR and AS are not necessarily predicted outcomes of thermal compensation, such patterns have been reported in a previous study on acclimated Nile perch (Nyboer and Chapman, 2017) , and may indicate that long-term exposure invokes mechanisms that reduce SMR but also lead to reductions in peak performance (MMR). Similar trends have been found in a congener of Nile perch, the tropical barramundi (Norin et al., 2014) , and in northern populations of shorthorn sculpin , and suggest that there may be energetic costs associated with maintenance of high MMR. Outcome variables included adjusted critical thermal maximum (CT max,adj ), and Q 10 -corrected standard and maximum metabolic rates and aerobic scope (SMR Q10 , MMR Q10 and AS Q10 ). Cardiac trait covariates included relative ventricular mass (RVM), and percent compact myocardium (%CM). Block and the covariate×rearing temperature interaction were included as factors in the model. Bold P-values indicate significance at α<0.05. Reducing basal oxygen demand at the expense of a very high MMR may be the most efficient strategy for coping with elevated temperature conditions over longer time periods (Norin et al., 2014; Sandblom et al., 2014; Nyboer and Chapman, 2017) , particularly if total aerobic capacity is rarely (if ever) used in the wild (Norin and Clark, 2016) . Interestingly, Nile perch from both rearing temperatures showed similar patterns of increase in MMR across experimental temperatures, with a sharp increase at 33°C, indicating similar metabolic flexibility between rearing temperatures. Rapid increases in MMR upon acute exposure to extreme high temperatures have been documented in previous studies on Nile perch (Nyboer and Chapman, 2017) and in other fish species (Claireaux et al., 2006; Gräns et al., 2014; Norin et al., 2014) . Such patterns may reflect stress responses and mobilization of functional reserves (hormone-activated performance capacity) that stimulate cardiovascular activity (Pörtner et al., 2017) , and may not be stable over the long term, as shown by the diminished MMR sometimes evident after acclimation (Norin et al., 2014; Sandblom et al., 2014; Nyboer and Chapman, 2017) . Reductions in AS in warm-acclimated fish (at 25 and 33°C) relative to T avg fish may indicate that mechanisms of oxygen uptake and delivery are not able to adjust fast enough to keep pace with increased cellular oxygen demand during aerobic exercise (Pörtner and Knust, 2007; Pörtner et al., 2017) . However, these findings are at odds with the increases in AS across experimental temperatures. Fish achieved high AS upon acute exposure to extreme high temperatures, suggesting that, at least for acute exposures, oxygen transport capacity does not immediately decline at high temperatures (and therefore does not limit AS), as previously reported for Atlantic halibut (Gräns et al., 2014) , barramundi (Norin et al., 2014) and turbot (Claireaux et al., 2006) , among others. These findings challenge one of the fundamental assumptions of the OCLTT concept: that reduction in AS owing to oxygen limitation is a key physiological restraint acting on fishes' thermal optima. Although it is possible that our experimental temperatures were not high enough to observe the predicted reductions in AS, this calls into question the relevance of AS in predicting effects of climate change on aerobic performance, given that 33°C (our highest experimental temperature) is at the upper end of what would be experienced in nature, even in the most extreme climate change predictions.
In addition, the relative drops in AS in the warm-reared Nile perch do not necessarily indicate reductions in fitness, as the lower overall AS in warm-reared Nile perch did not correspond to decreases in body size or condition in this treatment (Clark et al., 2013; Gräns et al., 2014; Norin et al., 2014; Nyboer and Chapman, 2017) . However, one must keep in mind that measurements of oxygen consumption are not perfect proxies for energy use (Nelson, 2016) , and it is possible that there were differences in activity level, food consumption rates and/or costs of food assimilation (specific dynamic action) among rearing ponds, all of which are important for understanding growth and energy allocation (Chabot et al., 2016a,b) . Although we did not measure these aspects of bioenergetics in this study, we did find reductions in HSI in warmreared fish, indicating possible energetic costs to chronic exposure to elevated temperatures. The liver is a major energy store in fishes, and HSI is an indicator of energetic reserves in fish. HSI is often used as an alternative predictor of condition (Chellappa et al., 1995) , and has been shown to relate to reproductive potential (Donelson et al., 2011) . HSI can be affected by many factors, including food availability, season and reproductive cycle (Chellappa et al., 1995) ; however, given the similar age structure, condition and food supply between the two rearing temperatures, these are unlikely to be sources of differentiation in the present study. The reduced HSI in warm-reared fish could indicate that physiological adjustments made upon chronic exposure to warm temperatures are energetically costly given this reduction in energetic reserves. Given that fish in both rearing temperatures were able to achieve the same body size and condition, the lower HSI in T warm fish may indicate that they had to allocate more energy to growth at the higher rearing temperature.
Responses of organ traits
There were no differences in RBM among Nile perch from divergent rearing temperatures. Large brains can enhance individual fitness through improved cognitive ability (Kotrschal et al., 2013) , but are highly metabolically demanding, and reductions may be advantageous under physiologically stressful conditions to reduce basal maintenance costs (Poulson, 2001; Crispo and Chapman, 2010; Toli et al., 2016) . Although some studies have shown high levels of plasticity in brain traits (Gonda et al., 2011; Kotrschal et al., 2012) , the absence of a response in Nile perch brain size may suggest genetic limitations (lack of ability to change brain size via plasticity), but may also indicate that mechanisms employed to compensate for increased temperature are adequate to maintain brain size at both rearing temperatures.
Nile perch also displayed a striking lack of plasticity in gill size and shape among rearing temperatures. This was somewhat surprising given previous work that showed variation in gill size in wild Nile perch occupying divergent oxygen habitats (Paterson et al., 2010) , and evidence from other species that exposure to increased temperature can induce alterations in gill morphology to compensate for higher basal metabolic rate and lower oxygen availability (Sollid et al., 2005; McBryan et al., 2016; Phuong et al., 2017) . We had predicted a larger gill size in warm-reared fish to enhance oxygen uptake in an environment where oxygen demand would be greater, at least initially. It is of course possible that gill traits not measured in this study (e.g. lamellar area, interlamellar cell mass) or other mechanisms such as changes in blood hemoglobin levels compensate for increased oxygen demand (Weber et al., 1976; Farrell et al., 2009; McBryan et al., 2016) . However, because warm-reared Nile perch actually show reductions in oxygen demand (lower SMR) after 3 months of acclimation, it is possible that improvements in oxygen uptake were not necessary. Maintaining small gills may decrease energy required to maintain osmotic balance in the blood, and may be beneficial when larger gills are not needed (Crispo and Chapman, 2010) . This finding may indicate that capacity for oxygen uptake is not the limiting factor in the maintenance of aerobic performance, and that Nile perch cope with elevated temperatures through some other, more efficient means (e.g. improvements in efficiency of oxygen delivery). The finding that gill traits do not correlate with any metabolic traits supports this conclusion.
Despite finding no evidence for plastic changes in gill metrics or brain size, results from this study showed clear evidence for cardiac remodeling. To our knowledge, this is the first study to measure heart plasticity in a tropical species exposed to elevated temperatures, and it is interesting that trends documented here are very similar to those found in temperate and arctic fishes: warm acclimation induced smaller RVM and higher %CM, with the opposite effect in fish reared under average temperatures (Klaiman et al., 2011; Gräns et al., 2014; Anttila et al., 2015; Keen et al., 2017 ). Fish exposed to higher water temperature must increase cardiac output (V b ) to meet increased oxygen demand of tissues. This can be accomplished by quickening heart rate (common during acute thermal stress), developing larger ventricles (increased volume) and developing stronger contractile muscles (increased pressure), among others Farrell, 2009; Klaiman et al., 2011; Keen et al., 2017; Pörtner et al., 2017) . In most cases, RVM correlates tightly with V b (Dalziel et al., 2012) ; however, this relationship may be altered based on changes in proportions of the myocardial layers (Klaiman et al., 2011; Keen et al., 2017) . For example, increases in spongy myocardium (often corresponding to increased RVM) enhance stroke volume at cooler temperatures, allowing the heart to maintain high V b at a lower heart rate, thereby reducing heart oxygen demand (Keen et al., 2017) . In the present study, T avg Nile perch had a larger RVM, so this may be the most efficient strategy to maximize cardiac output at cooler temperatures. Generally, when fishes are acutely exposed to higher temperatures, V b is decreased because of loss of pressure generating ability (Klaiman et al., 2011) . Given time, however, fish often develop stronger compact myocardial layers (at the expense of RVM) so that the greater force generated by this layer can offset the otherwise negative effects of warmer temperatures (Klaiman et al., 2011) . For Nile perch, increasing %CM may be a way of increasing V b without requiring high heart rates and extra energy reserves. If the changes to the heart result in more efficient oxygen delivery strategies, this could lower basal oxygen demand and contribute to maintenance of a lower SMR ( possibly partly explaining the lack of change in gill size). Evidence that warm-reared fish have improved cardiorespiratory function is corroborated by the CT max results insofar as warm-reared fish had higher CT max at all experimental temperatures.
Cardiac plasticity affects thermal tolerance and metabolic function
Changes in cardiorespiratory capacity are often invoked as explanations for alterations in thermal tolerance and metabolic performance in ectotherms (Gamperl and Farrell, 2004; Pörtner and Farrell, 2008; Farrell et al., 2009; Donelson et al., 2011; Jayasundara and Somero, 2013) . For fish, much of the evidence for this is derived from studies on salmonid species that link cardiorespiratory function to swim performance and thermal tolerance Anttila et al., 2013 Anttila et al., , 2014 Eliason et al., 2011 Eliason et al., , 2017 . However, studies that demonstrate functional links between heart morphology and metabolic traits are rare, and the generality of these trends has not been extended to tropical fishes.
Morphological changes in Nile perch ventricles were related to variability in SMR, AS and CT max . For example, larger RVM corresponded to higher CT max and higher AS, especially in T avg fish. Because T avg Nile perch have larger RVM, this may indicate that T avg fish rely on stroke volume (over long-term exposures) to maintain high cardiac output and support better oxygen supply to tissues. This suggests that heart traits are important in determining thermal tolerance and metabolic performance at the level of the whole organism, and supports findings of studies on salmonid species that demonstrated positive relationships among different aspects of cardiorespiratory function and aerobic metabolic performance. For example, Anttila et al. (2013) showed positive correlations of RVM with CT max among families of Atlantic salmon, and Eliason et al. (2011) showed positive relationships between AS and cardiac scope within several families of Pacific sockeye salmon. For T avg Nile perch, the direction of plasticity for both RVM and AS was the same as the direction of covariation among these traits, leading to the conclusion that Nile perch in this group rely on a larger RVM to maintain aerobic performance.
Per cent CM correlated negatively with SMR, especially among T warm individuals; so again, plastic variation among individuals supported the between-treatment effects. In the warm-acclimated fish, it is likely that adjustments in heart rate, stroke volume and pressure generation that accompany increases in %CM all play a role in ensuring adequate oxygen delivery to respiring tissues (which have likely made their own adjustments to reduce basal oxygen demand; Schulte, 2015) , while using fewer energy reserves when exposed to higher temperatures, thus maintaining a lower SMR in T warm fish. Our results also showed a positive relationship of AS with %CM (especially in T avg fish). Because AS is calculated as the difference between MMR and SMR, the fact that SMR changes with cardiac morphology, and MMR does not, may be why AS is correlated with heart traits, and indicates that mechanisms controlling MMR may not necessarily be directly related to cardiac morphology. Whatever the case, the finding that temperature-related developmental cardiac plasticity can influence aerobic function provides insight into one of the possible mechanisms (of many) that may underlie resilience to climate warming.
Cardiorespiratory function is likely to be a key mechanism underlying physiological plasticity in metabolic performance, aerobic capacity and thermal tolerance in Nile perch. These data are consistent with one of the predictions generated by the OCLTT hypothesis, namely that cardiorespiratory function is a key mechanism underlying thermal plasticity in fishes and can be useful to compensate for increased oxygen demand . These relationships are complex, however, and are not always in the direction predicted by the OCLTT hypothesis (i.e. lower MMR and AS in warm-reared fish, high AS and MMR in individuals acutely exposed to extreme temperatures), highlighting how physiological benefits of heart plasticity are context dependent and likely to change based on interacting stressors, strategies and physiological challenges. The fact that Nile perch from Lake Victoria are near the upper edge of their thermal range and are still able to make plastic adjustments to high temperatures on multiple time scales provides compelling evidence against the prediction that tropical ectotherms will be disproportionately negatively affected by climate warming. This knowledge is especially important because the ability of tropical species to cope with unstable thermal environments is largely unknown, and because tropical fish species, including the Nile perch, provide vital sources of protein in developing nations and regions, such as the Lake Victoria basin in East Africa. 
